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Whale carcasses create habitats in the deep sea which are colonized by
organisms related to other chemosynthetic environments suggesting that
whale falls may act as intermediate refugia for the dispersal and evolution of
deep-sea organisms. Such evidence comes mainly from macrofaunal organisms
whereas for the smaller meiofauna, data on whalebone assemblages is lacking. In
this study, we investigated nematode colonization of whalebones experimentally
deployed at 1500 and 3300 m depth and bones from a natural whale carcass
found at 4204 m, in the Southwest Atlantic Ocean, off Brazil. By comparing
whalebone assemblages to other deep-sea environments, we tested the
hypothesis that whale fall nematode assemblages are more similar to those
from other cognate chemosynthetic-based habitats, rather than those from
sediments surrounding the carcass or other deep-sea habitats. Our results
showed that whalebone nematode assemblages resemble those of
hydrothermal vents and cold seeps and suggest that organic falls may act as
intermediate refugia for meiofauna from chemosynthetic environments. It also
showed that oceanographic conditions and the age of the carcasses on the
ocean floor could influence nematode assemblage composition and richness.
Such findings highlight the importance of organic falls for understanding the
connectivity and phylogeny of benthic organisms, including representatives of
the meiofauna.

KEYWORDS
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1 Introduction

Large whale carcasses create habitats in the deep sea which harbor high species richness
and abundance of organisms that live on and inside bones and in surrounding sediments
(Smith and Baco, 2003; Smith et al., 2015; Alfaro-Lucas et al., 2017). These are dynamic
habitats that pass through different ecological successional stages harboring different faunal
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assemblages during the decaying carcass process (Smith and Baco,
2003). Particularly during the ‘sulfophilic stage’ (Smith and Baco,
2003), when the production of chemically-reduced compounds
supports chemosynthesis (e.g., H2S, CH4), whale falls hold
similarities in faunal composition with other deep-sea
chemosynthesis-based ecosystems, such as hydrothermal vents
and cold seeps (reviewed in Smith et al., 2015). Such discovery of
chemolithoautotrophic communities as well as some vent/seep
species at whale falls suggested a potential ecological role as
intermediate refugia for the dispersal and evolution of sulfide-
dependent species in the deep sea (Smith et al.,, 1989; Smith and
Baco, 2003, Fujiwara et al., 2010). Under this view, whale falls
facilitate dispersal between remote, isolated vent or seep habitats,
expanding species geographic ranges and promoting connectivity
among deep-sea chemosynthesis-based communities (Smith and
Baco, 2003; Smith et al., 2015; Pereira et al., 2020). As a result,
faunal overlaps are observed worldwide across whale falls, vents and
seeps communities (Smith et al., 2014; Hilario et al., 2015; Sumida
et al., 2016; Smith et al., 2017; Shimabukuro et al., 2019; Pereira
et al., 2020).

The distribution patterns described for taxa colonizing whale
falls are hitherto based mainly on data from macrofaunal taxa such
as polychaetes, bivalves, and gastropods (Smith et al., 2002; Hilario
et al., 2015; Smith et al., 2015; Sumida et al., 2016; Souza et al., 2021,
Shimabukuro et al, 2022). Although smaller taxa such as
nematodes also contribute significantly to the standing stock of
these communities, data regarding their species composition and
assemblage structure is still lacking (Debenham et al., 2004; Pavlyuk
et al, 2009; Alfaro-Lucas et al., 2017). The connectivity between
populations of macrofaunal taxa inhabiting whale falls and other
chemosynthetic environments is mediated by the dispersal of
pelagic larval stages (Siegel et al., 2003). Differently from most
macrofaunal taxa, free-living marine nematodes lack pelagic larvae
(Ptatscheck and Traunspurger, 2020) and exhibit low swimming
ability limiting the active dispersal of these organisms. Thus, large-
scale dispersal of nematodes is hypothesized to occur mainly
passively through ocean currents, which can resuspend sediments
and transport juveniles and adults (Palmer, 1988; Boeckner et al.,
2009; Van Gaever et al., 2009). Indeed, the distribution patterns of
some nematode species support the idea of long-distance dispersal
(Ptatscheck and Traunspurger, 2020) and experimental studies have
shown nematode active settlement into selected sites, including
sulfidic substrates (Ullberg and Olafsson, 2003; Lins et al., 2013).

In this study, we investigated the colonization by nematodes of
whalebones which were experimentally deployed at 1500 and 3300
m depth and bones from a natural whale carcass found at 4204 m, in
the Southwest Atlantic Ocean, off Brazil (Sumida et al., 2016; Souza
et al., 2021, Shimabukuro et al., 2022). We have further compared
whalebone nematode assemblages with those from adjacent
sediments and other deep-sea environments, including
hydrothermal vents and cold seeps. Specifically, we tested the
hypothesis that whale-fall nematode assemblages are more similar
to those from other cognate chemosynthetic-based ecosystems,
rather than those from adjacent sediments, considering the
assumption that whale falls may act as intermediate refugia for
the dispersal of nematodes inhabiting chemosynthetic
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environments. Additionally, if the hydrodynamic conditions are
important factors in dispersal and colonization, we expect higher
similarity within assemblages from similar depths (i.e., bathyal
vs. abyssal).

2 Material and methods
2.1 Study area and experimental design

Experimental whalebones were deployed along the Southwest
Atlantic margin between 21° and 28°S at two different depths, 1500
and 3300 meters (bathyal and abyssal, respectively) - Project
BioSuOr (Figure 1) (Table S1) using autonomous structures
(landers). The landers consisted of triangular metallic structures
containing on each face three open boxes covered with 500um mesh
with an open PVC lid, in a prism shape. The vertebrae were
removed and frozen at -20°C until the deployment. Each vertebra
was cut in two, and one half of the vertebra was placed inside a mesh
box and the other half on the inner lid totaling six whalebone
samples for each lander. Since the bone processing for endofauna
analysis requires a long time, only one quarter of one vertebra from
each lander was considered for this study (please see item 2.2.
sample processing). The other two boxes on each side of the lander
were filled with wood and synthetic substratum in a similar fashion
(half in the box, half on the lid) but were also not considered in this
study (Saeedi et al., 2019; Souza et al,, 2021). Acoustic releasers and
glass floats were installed for retrieval (more details about landers
and experimental setup can be found in Saeedi et al., 2019 and
Souza et al., 2021).

The deployment cruise was conducted between May 28 and
June 6, 2013, aboard the R/V Alpha-Crucis. The lander SP-1500 was
recovered after 16 months, on October 9, 2014, aboard the R/V
Alpha Delphini, while the remaining landers were sampled after 23
months (between May 18 and 28, 2015) aboard the R/V Almirante
Maximiano. The lander RJ-1500 was not recovered due to a battery
release failure. After the recovery, the vertebrae were divided in
quarters and preserved in 4% formaldehyde. We also analyzed
vertebrae from a natural whale fall found at Sao Paulo Ridge at 4204
meters depth (abyssal), during the Iata-Pitina Expedition in the SW
Atlantic, using the HOV Shinkai 6500. The latter sample was
preserved in 99.5% ethanol (Sumida et al., 2016).

2.2 Sample processing

From each site, one quarter of one of the three vertebrae which
had been deployed within the lander was processed for meiofauna
analysis. Each bone sample (i.e. one quarter of one vertebra) was
divided into smaller pieces and washed through a 45 pm sieve. From
the retained material, meiofauna was extracted by flotation in a
colloidal silica solution (Ludox TM50; density: 1.18 g cm™), and
stained with Rose of Bengal. After the flotation procedure, there was
still a great volume of bone remains making the sorting process
unfeasible, so that subsampling was necessary. As such, each sample
was homogenized in 400 ml of water and then a 1 ml aliquot was
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FIGURE 1

Study area where landers were deployed at ~1500 and ~3300 m
depth, off SE Brazilian continental margin, in front of Sdo Paulo, Rio
de Janeiro and Espirito Santo states during the Project BioSuOr. ES
= Espirito Santo; RJ = Rio de Janeiro; SP = Sdo Paulo. RJ-1500
lander was lost. The natural whale-fall samples were collected
during the lata-Piuna Project with the HOV Shinkai 6500 at 4204 m
depth.

sub-sampled for counting and identification of nematode
individuals. The process was repeated as many times as necessary
until 200 nematode individuals were sampled for identification at
the genus level. Total numbers of individuals per sample were
estimated from the aliquots considering the total volume of the
homogenized sample. The effectiveness of the subsampling method
was tested by counting an entire sample and comparing it to the
density obtained by subsampling. Results of successive subsampling
of the 1 ml aliquots were also compared to check the variation
between subsamples. Values from six successive subsamples showed
very little variation (mean value: 45 ind.10ml’; standard deviation:
6 individuals). The same subsampling process was repeated for all
experimental whalebone samples analyzed in this study. After
subsampling, nematodes were picked out, evaporated to
anhydrous glycerol, and mounted on permanent slides for
identification to genus level. Data on nematodes densities were
standardized to 100 cm® in order to compare bones from the
different stations.

Nematode assemblages from whalebones were compared with
those from sediments adjacent to the lander at SP-1500 at the
Santos Basin slope (25°S and 45°W), and for this purpose we used
data collected by the - Santos Project — Santos Basin Environmental
Characterization (Brazil), coordinated by PETROBRAS/CENPES
(sites D9 and D10, Gallucci et al. in press) (Table S2). These
sediment samples were obtained through box corer and
meiofauna was sub-sampled with a 5 cm diameter and 10 cm
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height corer, and fixed with 10% buffered formalin. Samples were
washed through a 45 pm sieve and from each sample, 200
individuals were identified to genus level.

2.3 Data analysis

A similarity matrix was built from multivariate data on genera
abundances to test whether the assemblages are more similar within
the same depth. We have built a distance matrix on Hellinger-
transformed nematode abundances and ran a hierarchical cluster
analysis using the Ward algorithm to compare the similarity
between nematode assemblages from deployed bones, from
different sites, and the natural whale fall. Hellinger is an
appropriate transformation for abundance species data because it
is an asymmetric distance measure that properly deals with the
“double-zeros” in the comparison of pairs of sites and reduces the
influence of most abundant taxa (Borcard et al., 2011). The Ward
algorithm favors clusters internal coherence while maximizing the
dissimilarities between them being an appropriate choice for
finding coherent groups (Kreft and Jetz, 2010; Borcard et al,
2011). We computed a heatmap of nematode genera to visualize
their contribution to each whalebone assemblage. Distance matrices
were computed using the function vegdist (Legendre and Gallagher,
2001), and with cluster analysis using the Ward algorithm, using the
function hclust and the argument methods= “ward.D2” (Murtagh
and Legendre, 2014). All analyses were performed using vegan
package in R version 4.1.3 (Oksanen et al, 2019; R Core Team,
2020). For each sample, data were extrapolated for its bone volume
(Table S1).

Similarly, we also compared the average relative abundances of
deployed whalebones and natural whale-fall nematode genera to
those of adjacent sediments (Santos slope), and other deep-sea
environments such as the continental shelf, continental slope, abyss,
nodules, corals, canyons, cold seeps, hydrothermal vents,
seamounts, and trenches. We used data from adjacent sediments
at Santos slope (Gallucci et al. in press) and data reported in
Vanreusel et al. (2010). For the Santos slope, we considered data
of all genera which showed relative abundance higher than 2%. For
all other deep-sea environments, the genera which were dominantly
responsible for the similarities within habitats and the dissimilarity
between macrohabitats and the slope habitat based on a SIMPER
analysis, (see Table 3 of Vanreusel et al., 2010), were considered.
Distance matrices were built using Hellinger distance
transformation as described previously. Finally, similarity
percentage analysis (SIMPER) was performed to identify which
genera were most responsible for differences between non-
chemosynthetic and chemosynthetic habitats observed in the
cluster analysis, using the software PRIMER (version 6) (Clarke
and Gorley, 2006).

3 Results

Nematode densities varied between 8.8 ind/100 cm® (SP 3300)
and 1093.8 ind/100 cm® (ES 1500) in the deployed whale bones,

frontiersin.org


https://doi.org/10.3389/fmars.2023.1111249
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Avila et al.

while it was more than twice in the natural carcass when compared
to ES 1500 sample (2832 ind/100 cm®) (Table 1). A total of 11
nematode genera were found in all whalebone samples, with four
genera in each 1500 m depth lander, and five genera in each ~3300
m depth landers, accounting for six and seven genera at each depth
respectively (Table 1). Halomonyhystera was the dominant genus at
almost all experimentally sampled stations, representing from 41%
to 93.8% of the total abundance per site, except for ES-3300, where
Anticoma was the predominant genus (~75%). At the natural
carcass, Anticoma and Theristus were the dominant genera (~39%
and 56%) respectively (Table 1).

Nematode assemblages clustered according to depth
(Figure 2A), except for the bones deployed at SP-3300 that
showed an intermediate position between the two clusters. This
separation was mainly due to the high dominance of the genus
Halomonhystera at 1500 m depth (90% of total nematode
abundance) and the exclusive occurrence of the genera
Chromadorita, Microlaimus, and Prismatolaimus at 3300 m depth
(Figure 2B). ES-1500 and SP-1500 were the most similar
assemblages. Surprisingly, SP-3300, was more similar to the 1500
stations, and was also dominated by Halomonhystera (as landers at
1500 m depth), but shared the exclusive genera found in landers at
3300 m (Figure 2B). Assemblages from the natural carcass (4204 m
depth) did not group with any of the experimentally deployed bones
(Figure 2A), and were dominated by the genus Theristus, which was
exclusive to the natural carcass (Figure 2B).

When compared to the other deep-sea environments,
whalebone assemblages of this study (deployed bones + natural
whale fall) clustered with assemblages from hydrothermal vents and
cold seeps (Figure 3). Infaunal assemblages from the slope at Santos
Basin (Santos slope) were grouped with other non-chemosynthetic-
based habitats (Figure 3). Halomonhystera, Thalassomonhystera
and Anticoma were the most responsible for the dissimilarity

10.3389/fmars.2023.1111249

between non-chemosynthetic and chemosynthetic habitats
(whalebones, hydrothermal vents and cold seeps) (Table 2).

4 Discussion

Few studies have assessed the meiofauna associated with deep-
sea whale falls (Debenham et al., 2004; Pavlyuk et al., 2009), and
even fewer have studied the assemblages colonizing inner bone
matrices (Alfaro-Lucas et al., 2017). Our study supports previous
findings and shows that free-living nematodes colonize the inner
bone matrix showing high densities (up to 1093.8 ind/100cm’,
compared to 285 + 135 ind/ 100cm?® in adjacent sediments, data not
shown). In addition, this study shed light for the first time on
whalebone nematode assemblage’s composition and genus richness.
In that respect, our results highlight that whale falls shelter less
genus richness in comparison with sedimentary deep-sea habitats
resembling those assemblages of cognate, chemosynthetic-based
environments with dense populations dominated by few species
(Vanreusel et al,, 2010). Nonetheless, by harboring a distinct
nematode community composition compared to surrounding
sediments, whale falls increase the turnover of species in deep-sea
environments, contributing to the B-diversity of the deep ocean as
shown for other taxa (Smith et al., 2015).

In our study, nematode assemblages from whalebones were
highly dissimilar between depths (bathyal landers at 1500 vs. abyssal
landers at 3300 m depth). Bathymetric variation in nematode
assemblages of soft sediments is usually related to sediment
characteristics, as well as its physico-chemical properties, physical
disturbance, and most importantly, to food availability (Soltwedel,
2000; Rex et al., 2006; Zeppilli et al., 2012; Rosli et al., 2018). At
Santos Basin, nematode densities decrease with increasing depth
(Gallucci et al. in press), and from the upper to lower slope there is a

TABLE 1 Densities of nematode genera (ind./100 cm®), total nematode density per vertebra sample and genus richness (number of genera per

vertebra sample) found at landers and the natural whale fall.

Genera ES 1500 ES 3300 RJ 3300 SP 1500 SP 3300 Natural whale fall
Chromadorita 0.0 0.0 0.0 0.0 0.6 73.0
Halomonhystera 1026.2 33.6 113.4 262.5 6.2 0.0
Metalinhomoeus 16.9 0.0 0.0 0.0 0.0 0.0
Microlaimus 0.0 3.7 55.0 0.0 0.9 44.0
Neochromadora 5.6 14.3 46.5 18.1 0.2 0.0
Anticoma 45.1 157.1 32.6 0.0 0.0 1112.0
Pomponema 0.0 0.0 0.0 3.6 0.0 0.0
Prismatolaimus 0.0 1.2 0.0 0.0 0.9 0.0
Sabatieria 0.0 0.0 0.0 1.7 0.0 0.0
Desmolaimus 0.0 0.0 232 0.0 0.0 0.0
Theristus 0.0 0.0 0.0 0.0 0.0 1603.0
Total density 1093.8 209.9 270.7 285.9 8.8 2832.0
Genus richness 4 5 5 4 5 4

Highest values are highlighted in bold.
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(A). Hierarchical cluster analysis using Ward algorithm on the Hellinger distance of nematode genera abundances found in landers and the natural
whale fall. (B). Heat map of the ordered relative abundance of nematode genera coupled with the cluster analysis. Light colors indicate lower values

and dark colors indicate higher values.

gradual change in assemblage multivariate structure, although
genus composition remains similar within this range of
bathymetric change (Yaginuma et al., in prep.). Such bathymetric
variations could partly explain the dissimilarity in nematode
assemblages from bones deployed at different depths, except from
the fact that nematode genera encountered on sediment samples
(Table S2; Yaginuma et al., in prep.) were absent from bone samples
and vice-versa (Halomonhystera, the dominant genus in the
whalebones, was absent in sediment samples). Such results
strongly suggest that the colonization of bones takes place by
genera that disperse from other habitats, potentially through the

1.4

water column, rather than the infaunal assemblages from
surrounding sediments. If this is true, the observed differences
may arise due to the role of the different oceanic currents
influencing both depths.

Previous studies suggested that hydrodynamic conditions may
influence macrofaunal composition in wood- and whale falls in the
deep SW Atlantic Ocean (Saeedi et al., 2019; Shimabukuro and
Sumida, 2019; Shimabukuro et al., 2019; Souza et al., 2021;
Shimabukuro et al., 2022). The North Atlantic Deep Water
(NADW), which is transported southwards by the Deep Western
Boundary Current (DWBC), was the main water source at 1500 m
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Hierarchical cluster analysis using Ward algorithm on the Hellinger distance of relative nematode genera abundances found in this study (lander and
whale fall pooled data, “Whalebones") and sediments samples adjacent from the study area (“Santos Slope”), with other deep-sea environments. Data
of different deep-sea environments were obtained from Vanreusel et al. (2010).
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TABLE 2 SIMPER analysis of the main nematode genera responsible for the dissimilarity between non-chemosynthetic and chemosynthetic habitats,

according to Euclidean distance.

Nematode genus

Average value

Non-Chemosynthetic Chemosynthetic Contrib.% Cum.%
Halomonhystera 0.00 0.26 35.63 35.63
Thalassomonhystera 0.11 0.19 3191 67.55
Anticoma 0.01 0.12 10.98 78.53
Theristus 0.03 0.08 6.25 84.78
Acantholaimus 0.10 0.02 4.72 89.50
Sabatieria 0.04 0.05 2.37 91.87

depth (Silveira et al., 2020). The abyssal RJ-3300 and ES-3300
landers were most likely in a mixing zone between the NADW
and the Antarctic Bottom Water (AABW) associated with a much
slower northward transport (Reid, 1989; Memery et al., 2000;
Silveira et al, 2020). The more intense currents influencing the
shallow landers may have led to the higher similarity observed at
assemblages at 1500 m depth. Such relationships between
assemblages and currents give support to the importance of
passive dispersal and colonization of new habitats for nematodes
(Boeckner et al., 2009). Other depth-related factors, such as the food
availability, could influence the different colonization of nematodes
on whale bones. However, it is plausible that the establishment of
contrasting assemblages between depths, found in this study, may
have the influence of passive dispersion through the currents and
colonization of specific habitats, such as whale falls.

Assuming the evidence that currents drive nematode
colonization on whalebones we should expect a larger similarity
between RJ-3300/ES-3300 and SP-3300 than shallower bathyal
sites, since the latter site is under DWBC control. However, this
study shows that SP-3300 nematode assemblage is more related to
bathyal sites than to RJ-3300/ES-3300. This might be related to the
presence of the bone-eating worm Osedax at SP-3300 and the
bathyal sites (Shimabukuro and Sumida, 2019). Osedax is an
ecosystem engineer of bone assemblages controlling whale fall
longevity and increasing microhabitat availability within bones
(Alfaro-Lucas et al., 2017). Although bones from all sites were
colonized by Osedax, it occurred in lower abundances at RJ-3300
and ES-3300, with only a few eroded areas, contrasting with
slightly higher density, big animals, and crumbled areas found
in shallow bathyal sites and at SP-3300 (Shimabukuro and
Sumida, 2019). Nematodes colonize bones either with or
without Osedax, but its presence increases the density of fauna
living within the bone matrix (Alfaro-Lucas et al., 2017), and our
results suggest that they might facilitate the colonization of
Halomonhystera which could explain the dominance of this
genus in SP-3300, SP-1500 and ES-1500. Moreover, the
assemblages present in bones from the natural carcass found at
4204 meters depth were also under the influence of the Antarctic
Bottom Water (AABW) and even though they shared some genera
with assemblages from experimentally deployed bones,
particularly those at 3300 meters depth (Figure 2B), they were

Frontiers in Marine Science

grouped separately. This might be partly due to the different
colonization stages of experimentally deployed bones (16-23
months) and the natural carcass (estimated at 60-120 months,
Sumida et al., 2016) which can influence the composition of whale
fall communities (Smith and Baco, 2003; Braby et al., 2007;
Lundsten et al., 2010). Furthermore, vertebrae of the natural
carcass were smaller, caudal vertebrae belonging to a juvenile
minke whale (Balaenoptera bonaerensis) potentially influencing
the nematode community composition (Higgs et al., 2011).

The comparison of nematode assemblages inhabiting whale
bones with those present in other deep-sea environments
highlights whale-fall assemblage’s similarities with those from
chemosynthetic-based habitats, such as hydrothermal vents and
cold seeps. The similar reducing conditions (low oxygen and the
presence of reduced compounds) between chemosynthetic-based
habitats, including whale falls during the sulfophilic stage, could
lead to convergent community composition (Smith and Baco, 2003).
The predominant genus in whalebones was Halomonhystera, which
is known to be tolerant to low oxygen and high sulfide concentrations
(Van Gaever et al,, 2009) and often dominate nematode assemblages
at hydrothermal vents and cold seeps (Vanreusel et al., 2010; Zeppilli
et al, 2015). This genus was also found in sunken wood and other
carcasses where high organic matter degradation occurs (Cuvelier
et al., 2014; Zeppilli et al., 2015; Soltwedel et al., 2017).
Halomonhystera is usually in association with bacterial mats,
typical of these ecosystems (Van Gaever et al, 2006) and,
apparently, has important adaptations to these reducing
environments such as the ovoviviparity, which is used as a
reproductive strategy for securing the survival and development of
the brood in anoxic and sulphidic deep-sea habitats (Van Gaever
et al,, 2006; Grzelak and Kotwicki, 2016). The similarity between
whalebone, hydrothermal vent, and cold seep assemblages suggests
the same selective forces drive colonization of these environments
and whale falls could act as intermediate refugia for dispersal and
evolution of deep-sea fauna relying on chemosynthetic production
(Smith et al,, 1989; Smith and Baco, 2003). Even though marine
nematodes lack pelagic larvae, passive dispersion is an important
strategy for long-distance dispersal in the deep sea (Palmer, 1988;
Boeckner et al,, 2009; Lins et al,, 2013). Indeed, our results suggest
that short-scale active dispersal from adjacent sediments is not
important in whalebone nematode colonization.
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5 Conclusion

The present study showed that nematodes colonize whalebones
in relatively high density and genera composition corroborated our
hypothesis that whale-fall nematode assemblages are more similar
to those from other cognate chemosynthetic-based habitats, rather
than those from adjacent sediments. Considering only the
whalebone assemblages, we observed higher similarity within
assemblages from similar depths (i.e., bathyal vs. abyssal), as well
as within experimentally deployed bones compared to the natural
carcass encountered in the abyssal plain. These results suggest that
oceanographic conditions and the age of the carcasses on the ocean
floor might influence nematode assemblage composition and
richness. Our findings highlight the potential importance of
organic falls for meiofauna from chemosynthesis-based ecosystems.
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